Neutral mutations may hitchhike to high frequency when they are situated close to sites under positive selection, generating local reductions in genetic diversity. This process is thought to be an important determinant of levels of genomic variation in natural populations. The size of genome regions affected by genetic hitchhiking is expected to be dependent on the strength of selection, but there is little empirical data supporting this prediction. Here, we compare microsatellite variation around two drug resistance genes (chloroquine resistance transporter ( pfcrt), chromosome 7, and dihydrofolate reductase (dhfr), chromosome 4) in malaria parasite populations exposed to strong (Thailand) or weak selection (Laos) by anti-malarial drugs. In each population, we examined the point mutations underlying resistance and length variation at 22 (chromosome 4) or 25 (chromosome 7) microsatellite markers across these chromosomes. All parasites from Thailand carried the K76T mutation in pfcrt conferring resistance to chloroquine (CQ) and 2-4 mutations in dhfr conferring resistance to pyrimethamine. By contrast, we found both wild-type and resistant alleles at both genes in Laos. There were dramatic differences in the extent of hitchhiking in the two countries. The size of genome regions affected was smaller in Laos than in Thailand. We observed significant reduction in variation relative to sensitive parasites for 34-64 kb (2-4 cM) in Laos on chromosome 4, compared with 98-137 kb (6-8 cM) in Thailand. Similarly, on chromosome 7, we observed reduced variation for 34-69 kb (2-4 cM) around pfcrt in Laos, but for 195-268 kb (11-16 cM) in Thailand. Reduction in genetic variation was also less extreme in Laos than in Thailand. Most loci were monomorphic in a 12 kb region surrounding both genes on resistant chromosomes from Thailand, whereas in Laos, even loci immediately proximal to selective sites showed some variation on resistant chromosomes. Finally, linkage disequilibrium (LD) decayed more rapidly around resistant pfcrt and dhfr alleles from Laos than from Thailand. These results demonstrate that different realizations of the same selective sweeps may vary considerably in size and shape, in a manner broadly consistent with selection history. From a practical perspective, genomic regions containing resistance genes may be most effectively located by genome-wide association in populations exposed to strong drug selection. However, the lower levels of LD surrounding resistance alleles in populations under weak selection may simplify identification of functional mutations.
INTRODUCTION
Selection intensity, rates of recombination and mutation, and population size are thought to be the critical parameters determining the impact of selection on neutral genetic variation surrounding a selected site. The most dramatic reductions in diversity around selected genes should result from strong selection acting on large populations of organisms with low rates of recombination and mutation (Wiehe 1998; Kim & Stephan 2002) . However, even when all parameters are constant, simulations suggest that different realizations of selection events will show considerable variation in their impact on flanking genetic variability (Kim & Stephan 2002) . Malaria parasites provide a useful system for exploring theoretical predictions about the genomic effects of selection. Dramatic selective sweeps have been described on both chromosomes 4 and 7 of Plasmodium falciparum (Wootton et al. 2002; Nair et al. 2003; Roper et al. 2003) . On chromosome 7, variation has been removed for more than 200 kb around the chloroquine resistance transporter ( pfcrt) as a consequence of selection by chloroquine (CQ; Wootton et al. 2002) . Similarly, on chromosome 4, variation is reduced for approximately 100 kb (6 cM) around dihydrofolate reductase (dhfr), the gene underlying resistance to pyrimethamine in parasites from Thailand .
Resistance alleles at both pfcrt and dhfr have a single evolutionary origin in Southeast Asian countries (Wootton et al. 2002; Nair et al. 2003) and have subsequently invaded Africa resulting in selective sweeps on both chromosomes 4 and 7 spanning two continents (Roper et al. 2004) . In this paper, we examine genomic variation resulting from different realizations of these two selection events in neighbouring countries adjacent to the Mekong River, Thailand and the Lao PDR (Laos). The strength of anti-malarial selection differs markedly in these two countries, allowing us to examine the impact of selection strength on hitchhiking. We cannot directly compare selection coefficients in the two locations. However, both clinical and molecular marker data suggest that selection is considerably stronger in Thailand than in Laos. This information is reviewed briefly below.
(a) Chloroquine Resistance to CQ was first reported on the Thailand/ Cambodia border in 1962 (Harinasuta et al. 1965) and in other countries on the in the Mekong region shortly afterwards (Cambodia, 1962; Vietnam, 1964; Burma, 1969) . Resistance was suspected during this time in Laos, and clinical failures were reported in 1966 (Farid 1967) and soon after by Ebisawa et al. (1970) . Hence, CQ resistance was first recorded in both countries only a few years apart. In Thailand, clinical resistance spread rapidly, rendering CQ ineffective by 1982. These clinical data suggest that CQ drug resistance genes reached fixation in Thailand in approximately 20 years, which is equivalent to approximately 120 parasite generations if we assume a generation time of two months in Plasmodium. Clinical resistance spread much more slowly in Laos, and CQ remains the first-line drug against malaria in this country. Recent clinical trials indicate unsatisfactory cure rates for CQ and only now are policy changes being considered (Guthmann et al. 2002; Mayxay et al. 2003; Schwobel et al. 2003) . Molecular marker data are consistent with the clinical data. The CQ resistance transporter ( pfcrt) is a major gene underlying CQ resistance. Southeast Asian resistance alleles have eight mutations that distinguish them from wild-type alleles, of which the K76T mutation is critical (Fidock et al. 2000) . All parasites of more than 300 examined from four Thai locations carried the K76T mutation critical for CQ resistance (see Anderson et al. submitted) . By comparison, the distribution of resistant alleles appears to be patchy in Laos, with some studies indicating high levels of the K76T mutations (Pillai et al. 2001; Berens et al. 2003) , but other studies finding wild-type allele frequencies of 5-35% (Anderson et al. submitted) . Taken together, the data demonstrate that K76T mutation has spread more rapidly in Thailand than in Laos.
(b) Sulfadoxine-pyrimethamine (SP) In Thailand, SP was introduced as a first-line treatment in 1973. Even before this date, low levels of clinical failure were reported (Chin et al. 1973) . On the ThailandBurma (Myanmar) border, SP was widely used by 1976, and resistance spread to fixation in approximately 6 years (approximately 30 Plasmodium generations; White 1992; Nair et al. 2003) . In Laos, SP was first used in the 1960s, and has been the secondly line anti-malarial drug in Laos since then. However, it is used infrequently in both the public and private sectors, in comparison with CQ. Clinical resistance was first reported in one out of 26 patients examined in 1970 (Ebisawa et al. 1970) , suggesting that resistance mutations in dhfr were present at this time. However, unlike in Thailand, clinical resistance has spread slowly. Recent clinical trials show an 82% cure rate using this drug in both Phalanxay (Mayxay et al. 2003) , one of the populations sampled for this study, and on the southern border of Laos (Schwobel et al. 2003) . The current distribution of mutations underlying pyrimethamine resistance is consistent with the clinical data and also suggests weaker selection in Laos than in Thailand. All parasites examined from Mawker-Thai (Thailand) carry mutations conferring resistance in dhfr, while more than 30% of parasites carry wild-type alleles in the locations in Laos studied in this research . Furthermore, while most resistant alleles carry four mutations in Thailand, and more than 60% carry the critical I164L mutation that renders pyrimethamine treatment ineffective, in parasites from Laos, the predominant resistance alleles carry just two mutations and the I164L mutation is rare or absent (Berens et al. 2003; Nair et al. 2003) . Furthermore, mutations in another gene, dihydropteroate synthase (dhps) that confer resistance to sulfaldoxine (the partner drug for pyrimethamine in SP) tell a similar story. All parasites examined in Mawker-Thai contain 2-3 mutations conferring resistance in dhps (Nair et al. 2002) . By contrast, more than 80% of parasite from Laos contain wild-type dhps alleles (Anderson et al. submitted) . The combination of clinical and molecular data suggests slower evolution of SP drug resistance in Laos than in Thailand.
We compare patterns of microsatellite length variation flanking pfcrt and dhfr in parasite populations collected from both Thailand and Laos. These comparisons reveal dramatic differences in the extent of hitchhiking in these two countries, with narrower and shallower valleys of reduced variation surrounding drug resistance mutations on parasite chromosomes from Laos.
MATERIAL AND METHODS
(a) Collection of parasites Collection locations in both Thailand and Laos have been described by Nair et al. (2003) . In brief, we obtained venous blood from malaria patients visiting the malaria clinic in Mawker-Thai, while finger-prick blood samples (approximately 50 ml blood adsorbed onto 3 mm whatmann paper and air dried) were collected from patients in Sekong and Phalanxay in southern Laos (figure 1). DNA was prepared from venous blood by phenol/chloroform extraction and from filter-paper samples using the Gentra systems Card Capture kit.
(b) Removal of multiple clone infections Infections containing multiple malaria clones were not included in the analysis since they complicate the construction of haplotypes. We genotyped all infections using a panel of six informative microsatellites to identify multiple clone infections and excluded samples showing more than one allele at any of the loci. The microsatellite loci amplified were ARA2 (chromosome 11), Polya (chromosome 4), TA1 (chromosome 6), TA60 (chromosome 13), TA81 (chromosome 5) and G377 (chromosome 12). Oligo sequences and amplification conditions have been described previously (Anderson et al. 1999) . Multiple clone infections were defined as those in which one or more of the six loci showed multiple alleles. Minor alleles were scored if they were more than 33% the height of the peaks corresponding to the predominant alleles.
(c) Genotyping of dhfr and pfcrt We genotyped 4-point mutations in dhfr by primer extension using the SnaPshot kit (Applied Biosystems; Nair et al. 2002) . These data have been reported previously for both Thai and Laos populations studied here . We genotyped the K76T mutation in pfcrt by digesting 6FAM end-labelled PCR products with ApoI and scoring the restriction fragments on a capillary sequencer (Anderson et al. 2003) . Another seven amino acid mutations occur in resistant pfcrt in Southeast Asia (Fidock et al. 2000) . These additional single nucleotide polymorphisms (SNPs) are in perfect linkage disequilibrium (LD) with the K76T mutation in Mawker-Thai (Anderson et al. submitted) and so were not genotyped here.
(d) Genotyping of flanking microsatellite markers (i) Chromosome 4 Marker details and primer sequences, and patterns of variation in the Thai population have been described for markers flanking dhfr . To genotype these markers in parasites from Laos, we used a slightly different strategy, since finger-prick samples (rather than venous blood) were available. We designed an additional oligo and used a two round hemi-nested amplification strategy for each locus (Anderson et al. 1999) . Twenty-two of the markers analysed previously could be amplified using this approach and were included in the study.
(ii) Chromosome 7 We searched chromosome 7 for perfect di-nucleotide microsatellites containing 10 or more (AT) n repeats. The arrangement of markers across chromosome 7 is shown in figure 2. The spacing is quite dense around pfcrt with five markers placed in a 22 kb region. Markers more than 10 kb from pfcrt were spaced at intervals of 13-80 kb (meanZ36 kb). For samples from Laos, we designed an additional flanking oligo that was used to preamplify DNA as described above.
The three oligos used for each microsatellite locus on chromosome 4 and 7 are listed in the Electronic Appendix.
(e) Analysis We measured expected heterozygosity (H e ) at each locus using the formula H e Z ½n=ðnK 1Þ 1K P p 2 i Â Ã , where n is the number of infections sampled and p i is the frequency of the ith allele. For haploid blood stage malaria parasites, this statistic measures the probability of drawing two different alleles from a population. The sampling variance of H e was calculated as 2ðnK 1Þ=n 3 2ðnK 2Þ P p
(a slight modification of the standard diploid variance; Nei 1987). We then plotted H e (G1 s.d.) across both sensitive and resistant chromosomes from the two countries. We measured the significance of differences in diversity in sensitive and resistant chromosomes by permutation. We measured the diversity ratio (H SEN e =H RES e ) in both observed data and in 10 000 datasets in which alleles at each locus were reshuffled among parasites. To evaluate the significance of differences in H e at each marker location, we counted the number of the permuted diversity ratio statistics that were greater than the observed value.
To examine patterns of LD surrounding sensitive and resistant alleles at dhfr and pfcrt, we measured extended haplotype homozygosity (EHH; Sabeti et al. 2002) , where EHH at a distance x from the gene of interest is defined as the probability that two randomly chosen haplotypes are homozygous for all microsatellites in this region. These statistics (G1 s.d.) were measured using the EHH calculator (Mueller & Andreoli 2004) . Measurement of EHH requires complete haplotype data. We retained haplotypes containing missing data at two or fewer microsatellite loci. Missing data at each locus were replaced with alleles randomly drawn from the allele distribution at that locus. This introduces recombination into the data and can reduce EHH, particularly in chromosomes showing high levels of LD. Since our aim was to compare relative, rather than absolute, amounts of LD on wild-type and resistant chromosomes, this procedure is conservative.
RESULTS
Out of infections from Mawker, 28% contained multiple infections, as did 40% from Phalanxay and 42% from Sekong. Following exclusion of multiple infections, we were left with 83 single clone infections from Laos and 49 from Thailand. In the samples from Thailand, we found the K76T mutation that is critical for CQ resistance in all parasites examined, while in Laos the wild-type amino acid (K) was found in 5% of samples from Sekong and 36% of samples from Phalanxay. Thai parasites also contained 2-4 mutations in dhfr conferring resistance to pyrimethamine . By contrast, in Laos, wild-type alleles were present in 33% of parasites analysed from Sekong and 40% of parasites from Phalanxay (table 1). The samples from both locations in Laos were combined for these analyses, since patterns of variation flanking pfcrt and dhfr were very similar in these two locations.
(a) Diversity Microsatellite heterozygosity around both dhfr and pfcrt is shown in figure 2 . We compared H e on resistant chromosomes from both Laos and Thailand with H e on Selection strength and hitchhiking D. Nash and others 1155 sensitive chromosomes from Laos. Chromosomes bearing wild-type dhfr or pfcrt alleles were highly variable. Mean H e on chromosomes 4 and 7 were 0.86 and 0.81, respectively. We investigated the significance of reductions in variation by permutation. On chromosome 4, we observed significant reduction ( p!0.01) in resistant relative to sensitive parasites for 98-137 kb (6-8 cM) on chromosome 4 in Thailand, compared with 34-64 kb (2-4 cM) in Laos. Similarly, on chromosome 7, we observed reduced variation in markers spanning a 195-268 kb region around pfcrt in Thailand, while significant reduction was only observed 34-69 kb (2-4 cM) in Laos. Valleys of reduced variation were also deeper in Thailand. On chromosome 4, seven out of nine markers genotyped within 6 kb of dhfr were monomorphic on resistant chromosomes. By comparison, all nine markers showed variation on resistant chromosomes from Laos, with a minimal H e of approximately 0.1 in markers close to dhfr. The pattern is similar on chromosome 7. Four out of five markers genotyped within 11 kb of pfcrt were monomorphic on resistant chromosomes from Thailand, while H e only dipped to less than 0.1 in two markers immediately adjacent to pfcrt in resistant chromosomes from Laos.
(b) Linkage disequilibrium To investigate LD, we removed samples containing missing data for two or more samples. This resulted in reduction of the dataset to 116 samples (48 from Thailand and 68 from Laos) for chromosome 4, and to 100 (34 from Thailand and 66 from Laos) for chromosomes 7. Figure 3 shows the decay in LD on either side of the two resistance genes. EHH decays to zero within 5 kb (figure 3) of wildtype alleles on both chromosomes 4 and 7. By contrast, EHH decays more slowly on chromosomes bearing resistance alleles. There are dramatic and consistent differences in the rates of decay around resistant alleles in the two countries. EHH is lower around resistant alleles in Laos than in Thailand at all distances from pfcrt except 10.4 kb. Similarly, on chromosome 4, EHH decays more rapidly around resistant alleles from Laos than those from Thailand, and EHH drops to zero within 5 kb on either side of sensitive alleles.
The dhfr alleles in Thailand contain between two and four mutations, whereas those from Laos contain one to three mutations. We observed dramatic differences in LD surrounding different dhfr alleles (figure 3c). In particular, we found a relationship between the number of mutations within dhfr and hitchhiking, with greater LD around alleles bearing three or more mutations than those bearing two mutations. Dhfr alleles IRNI and NRNI occur in both Thailand and Laos. We observe a slower decline in EHH around these alleles in Thailand than in Laos.
DISCUSSION
The genome regions affected by hitchhiking around both dhfr and pfcrt in Laos are quite modest in size relative to previous reports (Wootton et al. 2002; Nair et al. 2003) . Around dhfr, hitchhiking is detectable for less than half the distance observed in neighbouring Thailand, extending just 34-64 kb (2-4 cM) in Laos, compared with 98-137 kb (6-8 cM) in Thailand. Similarly, around pfcrt, hitchhiking has detectable effects on genetic variation for 34-69 kb in Laos. This is less than a quarter the distance observed in a heterogeneous collection of parasites from different Southeast Asian locations (Wootton et al. 2002) and also less than we observe in parasites from a single clinic on the Thailand/Myanmar border. We have estimated the extent of hitchhiking effects by comparing heterozygosity in sensitive and resistant chromosomes. In Laos, we have compared resistant and wild-type chromosomes from the same location so the results are geographically controlled. In Thailand, we found no sensitive chromosomes, so we have compared diversity in Thai parasites with that observed in sensitive chromosomes from Laos. As such, both geographical variation and selection may contribute to the differences observed. We do not believe that the geographical factor results in important bias in our conclusions for two reasons. First, in chromosomal regions distant from pfcrt and dhfr, we observe no significant difference in H e between the two countries. Second, synonymous SNPs show minimal differentiation between populations from Thailand and Laos, with F ST values of less than 0.04 for 11 loci examined (Anderson et al. submitted) . Furthermore, we observe two other features that suggest greater hitchhiking in Thailand. First, LD declines more steeply with genetic distance in Laos than in Thailand. Second, the valleys of reduced variation surrounding resistant alleles at both genes are considerably shallower in Laos than in Thailand.
These data demonstrate that selection for the same gene in neighbouring countries may have very different impacts on flanking neutral variation. We discuss the reasons for the observed differences, and practical implications for association mapping of genes underlying adaptive traits.
(a) Why do sweeps differ in size and shape? (i) Transit time of selected alleles The most obvious difference between parasite populations in Thailand and Laos is the time taken for resistant alleles to spread to fixation (transit time). In Thailand, CQ resistance reached fixation in the 1980s, and even 30 years after CQ was abandoned, we have not detected sensitive alleles in five populations examined (Anderson et al. submitted) . By comparison, in Laos, sensitive alleles are still present, with frequencies of between 5 and 36% in Sekong and Phalanxay. Similarly, pyrimethamine resistance spread extremely rapidly in Thailand and, today, four-fifths of the populations examined contain no sensitive alleles, while wild-type alleles constitute more than 35% of the parasite population in Laos . Hence, while transit times were rapid in Thailand, resistance alleles have still not reached fixation in Laos. Consequently, diversity can be restored in Laos rapidly owing to recombination between sensitive and resistant chromosomes. In Thailand, where the selective sweeps on both chromosomes have effectively purged all standing variation in the vicinity of around resistance loci, mutation is the only force restoring variation.
The underlying reasons for the differences in selection pressure in the two countries are less easy to quantify. At least three factors probably play a role. First, Thailand is a rich country relative to Laos, with GDPs of US$6400 and US$1620, respectively. Therefore, health care is more developed in Thailand and treatment coverage is better.
Second, malaria in Thailand is localized to a few border provinces and is largely associated with migrant populations that have been the focus of intensive anti-malarial treatment campaigns. By comparison, malaria is found in all 17 provinces in Laos (Pholsena 1992) , and malaria-control campaigns have had poor coverage and have frequently been interrupted by political upheaval or war (Watson 1999) . Third, asymptomatic cases may be more common in Laos than in Thailand (Toma et al. 2001; Vythilingam et al. 2003) , resulting in a reservoir of parasites in Laos that are not exposed to malaria treatment.
(ii) Fitness differences between dhfr alleles Two additional factors may contribute to the differences in the transit times of resistant dhfr alleles and hitchhiking in Thailand and Laos. First, dhfr resistance alleles containing the I164L mutation conferring high levels of pyrimethamine resistance (Plowe et al. 1995) are common in Thailand but absent in the populations studied from Laos . Hence, dhfr alleles from Thailand will have higher fitness than those from Laos in the presence of drug selection and will therefore spread more rapidly, giving rise to more extensive hitchhiking. We can examine allelic effects by comparing hitchhiking around different dhfr alleles (figure 3c). Three alleles bearing 3-4 mutations conferring resistance (IRNI, NRNL, IRNL) show greater hitchhiking than the allele bearing two mutations (NRNI). This is consistent with clinical data indicating more rapid clearance and lower levels of gametocyte production in double mutant parasites relative to triple and quadruple mutants (Mendez et al. 2002) . These data suggest that differences in the relative fitness of dhfr alleles in the two countries contribute to the differences in allele transit time and hitchhiking observed. Two dhfr alleles occur in both Thailand and Laos (NRNI and IRNI). The decline in LD around these two alleles is more rapid in Laos than in Thailand, consistent with weaker selection in Laos. Therefore, both fitness differences between dhfr alleles and differences in selection intensity play a role in explaining the differences observed.
In addition, genetic background may play an important role in determining the fitness of dhfr alleles. Dhfr alleles are selected by treatment with the drug combination, SP. Mutations in another gene in the folate pathway, dhps, result in resistance to sulfadoxine. All parasites examined from Mawker-Thai contained 2-3 mutations in dhps in addition to 2-4 mutations in dhfr. By contrast, more than 80% of parasites from Laos still carry wild-type dhps alleles (Anderson et al. submitted) . Parasites carrying mutations that confer resistance to both compounds survive better than parasites with mutations in dhfr only (Kublin et al. 2002) . Hence, dhfr alleles will spread more rapidly, with greater hitchhiking of flanking neutral mutations, when accompanied by sulfadoxine-resistant dhps alleles.
(iii) Inbreeding and recombination rates Transmission intensity, inbreeding and recombination are intimately linked in P. falciparum, with low transmission associated with inbreeding and reduced recombination rates (Conway et al. 1999; Anderson et al. 2000; Anderson 2004) . Two lines of evidence suggest that levels of transmission are higher in Laos than in Thailand. First, prevalence of P. falciparum is higher in Laos. In 1998, the countrywide prevalence of P. falciparum was 14% (Pillai et al. 2001) . In southern Laos, where we collected the samples analysed here, a prevalence of P. falciparum of more than 30% has been reported (Toma et al. 2001; Vythilingam et al. 2003) . By comparison, cross-sectional surveys along the Thailand/Burma border revealed prevalences of 1-4% (Luxemburger et al. 1996) . Similarly, the number of infective mosquito bites has been estimated at between 1.9 and 7.5 per person per month in Sekong (Vythilingam et al. 2003) . By comparison, people on the Thailand/Myanmar border are exposed to more than one infective bite per year (Nosten et al. 2000) . However, transmission in Thailand was higher in the past, and has been reduced by treatment with mefloquine-artemisinin combinations since 1994 (Nosten et al. 2000) . Hence, the extent to which differences in transmission and parasite recombination rate contributed to hitchhiking effects in early stages of these selective sweeps is difficult to assess.
(b) Asymmetry of selective valleys The reductions in variation on each side of dhfr and pfcrt are asymmetric. For example, on chromosome 4 in Thailand, variation is restored to background levels 30 kb (approximately 2 cM) to the 3 0 of dhfr, while variation is still significantly reduced for 58 kb on the 5 0 side. In Laos, the asymmetry is even more dramatic. Variation is restored to background levels within 6 kb (more than 0.5 cM) of the 3 0 of dhfr, while reduced variation of 30-58 kb is seen to the 5 0 of dhfr. Similarly, on chromosome 7, variation is restored to background 80 kb to the 3 0 of pfcrt, while reduced variation is still apparent at K155 kb. Simulation models of hitchhiking indicate that valleys of reduced variation generated following a selective event may be asymmetric even when rates of recombination and mutation are constant (Kim & Stephan 2002) . However, given that the direction of asymmetry on chromosome 4 is the same in two Southeast Asian locations and also in African sites (R. Pearce, personal communication), local heterogeneity in recombination rates is the more probable explanation in this case. We investigated local recombination rates by comparing LD between microsatellite loci on either side of dhfr in the 30 chromosomes from Laos containing wild-type dhfr alleles. Selection strength and hitchhiking D. Nash and others 1157
Out of 10 pairwise comparisons between loci within 6 kb to the 5 0 of dhfr, five showed significant LD ( p!0.05). By comparison, only one of 10 pairwise comparisons among loci within 6 kb of dhfr to the 3 0 showed significant LD. These data are consistent with there being lower recombination rates and more extensive hitchhiking on the 5 0 than on the 3 0 of dhfr.
(c) Implications for genetic mapping The dramatic impact of drug selection on flanking genetic variation observed around pfcrt and dhfr provided demonstrations that genome-wide association could be used to locate selected genes in Plasmodium using a relatively low density of genetic markers (Wootton et al. 2002; Nair et al. 2003; Anderson 2004) . The data presented in this study reveal that drug-associated sweeps have considerably less impact on flanking genetic variation in Laos, the regions affected spanning just 34-64 kb on chromosome 4 and 34-69 kb on chromosome 7. Furthermore, variation is restored on resistant chromosomes as close as 6 kb from dhfr in Laos. These data clearly demonstrate the importance of choosing parasite populations exposed to strong recent selection for mapping studies of genomic regions containing resistance genes (Anderson 2004) . Parasite populations exposed to strong recent selection are ideal for mapping genomic regions containing resistance genes, since such regions can be detected with a relatively low density of microsatellite markers. However, the more localized reduction in variability and reduced LD around drug resistance genes in weakly selected populations may be more useful for fine-scale mapping of functional variation associated with resistance. Similar suggestions have been made by Kohn et al. (2000) , who observed similar patterns of LD around genes underlying resistance to warfarin in rat populations exposed to strong and weak selection. The differences in hitchhiking between Thailand and Laos are most simply explained by differences in selection pressure. However, we note that differences in inbreeding may have similar effects on genetic hitchhiking, with highly inbred parasites being optimal for genomewide mapping and outbred parasite optimal for finemapping Anderson 2004 ). ) show the decline in LD around wild-type and resistant alleles at pfcrt and dhfr. The x-axes are shown to scale. In (b), resistant alleles bearing between one and four mutations are grouped. These graphs are shown with the x-axis drawn to scale. LD is measured using EHH (G1 s.d.). (c) EHH plotted around dhfr alleles bearing different resistance mutations. EHH surrounding resistant alleles from Thailand is shown in black and those from Laos in red, while EHH decay around sensitive alleles is shown in grey. Four-letter codes indicate amino acids present at positions 51, 59, 108 and 164, while underlined letters are those underlying resistance. These codes are marked on the graph for clarity. Data describing EHH decline are not shown for the NCNI allele, as there were only three parasites carrying this allele.
